The causes of imprecision in microarray expression analysis are poorly understood, limiting the use of this technology in molecular diagnostics. Two-dimensional strandness-dependent electrophoresis (2D-SDE) separates nucleic acid molecules on the basis of length and strandness, i.e., double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), and RNA⅐DNA hybrids.
RESULTS:
The relative amount of double-stranded cDNA formed in replicate experiments that used the same RNA sample template was highly variable, ranging between 0% and 72% of the total DNA. Microarray experiments showed an inverse relationship between the difference between sample pairs in probe variance and the relative amount of dsDNA. Approximately 15% of probes showed betweensample variation (P Ͻ 0.05) when the dsDNA percentage was between 12% and 35%. In contrast, only 3% of probes showed between-sample variation when the dsDNA percentage was 69% and 72%. Replication experiments of the 35% dsDNA and 72% dsDNA samples were used to separate sample variation from probe replication variation. The estimated SD of the sample-to-sample variation and of the probe replicates was lower in 72% dsDNA samples than in 35% dsDNA samples. Analysis of gene expression with microarrays is a major application in functional genomics. This technology is also becoming important in clinical diagnostics, such as the monitoring of gene expression profiles in breast cancer (1) (2) (3) (4) (5) (6) . Despite new technologies for sample preparation, array treatment, and data analysis, concerns have been raised regarding the quality of the experimental results (7) (8) (9) . Tan et al. (7 ) evaluated gene expression measurements produced with 3 commercial microarray platforms. Using identical RNA preparations, these investigators found little overlap in expression levels of specific genes across the different platforms and concluded that the small degree of overlap could be because different probes were used for the same genes. Bammler et al. (8 ) reported a collaborative project among 7 laboratories that compared 2 standard RNA samples with 12 microarray platforms and inhouse protocols for sample preparation. They reported that although reproducibility within laboratories was good, reproducibility between platforms and between laboratories was poor. Reproducibility was improved, however, by implementing standardized protocols for sample preparation, hybridization, and data analysis. Irizarry et al. (9 ) compared results from 10 laboratories that used 3 different microarray platforms. They demonstrated relatively large differences between laboratories in data obtained with the same platform, but results from the best-performing laboratories had the lowest imprecision.
A number of approaches have been used to increase the reproducibility and accuracy of data ob-tained with expression microarrays (10 ) . Some commercially available microarray platforms offer control "spike-in" RNA molecules to seed the sample before analysis. The "expression" measurements of those RNA molecules on the microarray should reflect the quality of the experiment.
The steps in sample processing, including cDNA synthesis and antisense RNA (aRNA) 6 transcription (if used), are critical and have direct implications for the quality of the analytical phase. These steps have received less attention than factors affecting reproducibility, most likely because of a lack of methods to characterize the composition of complex nucleic acid samples and how composition affects quality. Measurements of the amounts and length distributions of single-stranded DNA (ssDNA), RNA⅐DNA hybrids, and double-stranded DNA (dsDNA) in particular might provide useful information about the sample (11 ) . Such measurements could be used to estimate the effects of these different variables on sample quality.
One of the most commonly used methods in microarray expression analysis is in vitro transcription (IVT) that uses T7 RNA polymerase to transcribe double-stranded cDNA to aRNA (12 ) . Experiments have shown that IVT and RNA-labeling procedures are a large source of technical variation (11 ) . The T7 RNA polymerase can initiate transcription only if the promoter-binding site in the cDNA is doublestranded. This fact suggests that the composition and strandness of the cDNA sample is an important parameter affecting the quality of gene expression analysis based on IVT.
We previously described 2-dimensional strandnessdependent electrophoresis (2D-SDE), a method for relative quantification and length analysis of the ssDNA/ss-RNA, dsDNA, and RNA⅐DNA hybrid fractions in complex nucleic acid samples (13, 14 ) . In the first dimension of the electrophoresis, molecules in the sample are separated on the basis of both length and strandness, i.e., whether they are ssDNA/ssRNA, dsDNA (B-form helix), or RNA⅐DNA hybrids (A-form helix). Of these 3 fractions, ssDNA/ssRNA migrates slowest, dsDNA has an intermediate mobility, and RNA⅐DNA hybrids have the fastest mobility (A-form helices are shorter than B-form helices per base pair). In the second dimension of the electrophoresis, all the molecules are singlestranded and are separated only according to length. 2D-SDE therefore separates these 3 different fractions present in the original sample ( Fig. 1) . In this study, we used 2D-SDE to analyze the efficiency of cDNA synthesis. Our hypothesis was that cDNA synthesis is a major factor affecting imprecision in microarray expression analysis. Identifying such factors might allow modifications in sample-preparation procedures that could improve precision and facilitate the use of microarrays in molecular diagnostics. 
Materials and Methods

SAMPLE PREPARATIONS FOR MICROARRAY EXPRESSION
ANALYSIS
Universal Human Reference RNA (Stratagene) was used as the test material for cDNA synthesis. The sample was purified with the RNeasy MinElute Cleanup Kit (Qiagen) according to the manufacturer's instructions, and RNA quality was assessed with a Bioanalyzer 2100 (Agilent Technologies). The SuperScript DoubleStranded cDNA Synthesis Kit (Invitrogen) was used with SuperScript II or III reverse transcriptase and according to the manufacturer's suggested protocol to carry out double-stranded cDNA synthesis from 10 g purified RNA. HPLC-purified oligo(dT) primer containing a T7 RNA polymerase promoter-recognition sequence [5Ј-GGCCAGTGAATTGTAATACGACT-CACTATAGGGAGGCGG(T) 24 -3Ј] was used to prime the first-strand cDNA synthesis. Phase Lock Gel Light (Eppendorf) was used for phenol extraction of cDNA. Nucleic acid samples were resuspended in 20 L RNase-free water (Ambion). The concentration of cDNA after the second-strand DNA synthesis was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). aRNA synthesis and labeling, array hybridization, and array reading were performed according to the Agilent protocol by CXR Biosciences, an Agilent service laboratory. RNase A treatment of the cDNA samples was performed for 1 h at 37°C with 1 L RNase A (10 g/L; Fermentas) in 250 mmol/L Tris, 50 mmol/L NaCl, and 25 mmol/L MgCl 2 .
ANALYSIS OF THE QUALITY OF cDNA SYNTHESIS ON 2D-SDE
The products of double-stranded cDNA synthesis (1500 ng) were analyzed with 2D-SDE on 6% polyacrylamide gels with 7 mol/L urea (14 ) . Gels were stained after the electrophoresis run in 100 mL 1ϫ Tris-borate-EDTA buffer with 0.5 g/mL ethidium bromide and analyzed on a Typhoon 8610 Variable Mode Imager (Amersham Biosciences) in the fluorescence-scanning mode. Fractions of doublestranded cDNA and RNA⅐DNA hybrids were quantified with ImageQuant 5.1 software (Amersham Biosciences). The density of fractions below the overlap region of the 2 arcs was measured to obtain the percentage of each fraction. The products of cDNA double-stranded synthesis (500 ng) were also analyzed on 17-g/L agarose gels (Sigma-Aldrich) stained with ethidium bromide.
MICROARRAY EXPRESSION ASSAY DESIGN
Probes for 229 genes were selected with eArray (https:// earray.chem.agilent.com/earray/; see the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol59/issue4). The probes corresponded to 106 tissue-specific genes chosen from the Gene Expression Atlas (http://www. ebi.ac.uk/microarray/doc/atlas/index.html), 93 "housekeeping" genes (15 ), and 30 randomly chosen genes. Ten probes were constructed per gene, and each probe was repeated 6 times on the microarray chip. The microarray was synthesized by Agilent, and the probes were randomly placed on each of the 8 identical wells of the microarray chip.
DATA ANALYSIS
Probe signals were normalized by quantile normalization (R package). The Bartlett test (R package) was used to compare the between-sample variation in the results for the 6 replicate probes (16 ) . The log 2 intensity was modeled as a linear mixed effect of sample (s i ), probe (P j ), and noise (e ijk ). The lme function in R was used to estimate SD of probe replication and SD s of the sample for each of the 229 genes. The 35% dsDNA and 72% dsDNA samples were transcribed to aRNA in duplicate. The results were used to separate sample variation from probe replication variation.
Results
2D
-SDE allows analysis of the fractions and length distributions of dsDNA, ssRNA, ssDNA, and RNA⅐DNA hybrids in a complex sample of nucleic acids (Fig. 1A) . When we analyzed the products of second-strand cDNA synthesis, the majority of the nucleic acids in the samples were single-stranded nucleic acids (Fig. 1B) . Most of this material was the original RNA (Fig. 1, C  and D) . We made systematic changes to the manufacturer's instructions to improve the efficiency of double-stranded cDNA synthesis. Increasing the magnesium concentration or the RNase H treatment did not affect the relative amount of double-stranded cDNA produced (data not shown). In contrast, increasing the amount of Superscript III reverse transcriptase at 50°C increased the amount of doublestranded cDNA formed in the reaction (Fig. 2) . Results with the standard protocol (1ϫ reverse transcriptase) were highly variable, from 0% to 35%, with respect to the relative amount of dsDNA formed (Fig. 2, A and B) . When a 2-or 3-fold higher amount of reverse transcriptase was used, the percentage of dsDNA increased (12%-72%; Fig. 2, C-F) . Duplicates for the most efficient reaction condition showed the smallest difference in the relative amount of dsDNA. No detectable difference was seen when the samples were analyzed by 1-dimensional agarose gel electrophoresis (data not shown), because this method does not measure the relative amount of dsDNA formed in cDNA synthesis.
The cDNA synthesis step uses a T7 oligo(dT) primer. We tested cDNA synthesis with and without this primer. Surprisingly, the cDNA products obtained with and without the T7 oligo(dT) primer (Fig. 3, A and B) were very similar, except for a small band representing the primer (Fig. 3, A and C) , indicating that self-priming can occur during first-and second-strand synthesis. To confirm that only the T7 oligo(dT) reaction produced a T7 promoter, we carried out an IVT with the cDNA as template. As we expected, transcription of cDNA products to form single-stranded aRNA was seen only in the sample in which the T7 oligo(dT) primer was used (Fig. 3, D and E).
We tested whether the efficiency of cDNA synthesis affected the precision of gene expression analysis. To minimize operator-dependant variation, we had an experienced Agilent service laboratory carry out blinded IVT, labeling, and hybridization reactions. The products were hybridized to a microarray specially designed to estimate experimental imprecision through measurements of probes and variance in gene expression. The relative amount of dsDNA after cDNA synthesis was inversely related to the difference in probe variance between samples (Fig. 4A) .
We next examined the relationship between the relative amount of dsDNA and the imprecision of mea- The cDNA synthesis reaction was carried out with T7 oligo(dT) primer (A) and without T7 oligo(dT) primer (B) and analyzed by 2D-SDE. RNA⅐DNA hybrids and dsDNA were formed in both reactions. (C), Agarose gel analysis of samples A and B; results show no difference except for a small band representing the T7 oligo(dT) primer. M, GeneRuler 100 bp Plus DNA Ladder (Fermentas). An aRNA transcription reaction with T7 RNA polymerase showed that aRNA was transcribed only from the sample generated with the T7 oligo(T) primer (D) but not in the sample without the primer (E).
surements at the level of individual genes. The SD of the probe replicates for genes in the 72% sample was distributed more toward zero than in the 35% sample, indicating that measured intensities of 72% dsDNA samples were less variable than intensities measured for the 35% dsDNA samples (Fig. 4, B and C) .
We also evaluated the relationship between the relative amount of dsDNA and sample-to-sample vari- Variation of the signals from genes of the highest quartile before (A) and after (B) optimization of cDNA synthesis and variation in lowest quartile before (C) and after (D) optimization of cDNA synthesis. (A), Column graph showing results from a Bartlett test comparing the variance of probes between sample pairs. The x and y axes show the amount of dsDNA in each sample subjected to pairwise comparison. The heights of the columns indicate the percentages of probes that showed a difference in variance between the pair of samples (P Ͻ 0.05). (B and C), Histograms showing the estimated SD of the probes for the 35% dsDNA samples and the 72% dsDNA samples, respectively. Compared with the 35% dsDNA samples, the SD of probe replicates for the 72% dsDNA samples was distributed more toward zero. This result indicates that the measured intensities of 72% dsDNA samples were less variable than the 35% dsDNA samples. (D and E), Histograms showing the estimated sample SD for replication of the 35% and the 72% dsDNA samples, respectively. Compared with the 35% dsDNA samples, the SD of the 72% dsDNA samples was distributed more toward zero, indicating the lower sample-to-sample variation of the 72% dsDNA samples. ation in gene expression levels. The SD between the 72% samples was distributed more toward zero than the 35% samples, indicating less sample-to-sample imprecision of the 72% dsDNA samples (Fig. 4, D and E) .
To test if the relative amount of dsDNA amount had different effects on variation, depending on the gene expression levels, we sorted the genes into quartiles according to signal intensity. We then analyzed the variation of probes within genes in each expression quartile. The effect of increased relative amount of dsDNA on decreased probe variation was stronger in the lowest-expressed genes (i.e., in the lowest quartile) than in the 25% most highly expressed genes (Fig. 5) .
Discussion
Microarray expression analysis is an important technique, both in basic biomedical research and in clinical diagnostics. It is therefore important to optimize all factors that could contribute to analytical imprecision. We tested and found that 2D-SDE is a useful technique for estimating the efficiency of cDNA synthesis. Our results show that cDNA synthesis reactions can be inefficient and have varying outcomes. Even when the same RNA template and the same kit were used, the relative amount and size distribution of dsDNA differed greatly between samples. We have demonstrated that it is possible to analyze the composition of a cDNA reaction and improve its efficiency. Importantly, optimization of cDNA synthesis improved the imprecision of the microarray analysis, both at the level of individual probes and genes and between samples. Various protocols and kits are available for cDNA synthesis, and 2D-SDE can be used to analyze the efficiency of these methods. This experiment tested only one widely used and effective kit.
We found that the amount of reverse transcriptase had the strongest effect on improving cDNA synthesis. This finding suggests that 2D-SDE can be used to optimize the amount of enzyme and other reaction conditions for cDNA synthesis. Although we did manage to improve the efficiency of the cDNA synthesis reaction, the fact that variation in cDNA synthesis remained under the optimized conditions shows the importance of analyzing cDNA synthesis in individual samples.
We found that cDNA products were synthesized with and without the T7 primer. This result could be explained by self-priming; that is, the RNA serves as a primer for the reverse transcriptase. Another possible explanation is that some reverse transcriptase preparations contain very small RNA fragments that could help initiate the reverse transcriptase reaction (17 ) . This phenomenon needs to be better explored, because it could be an important factor in contributing to imprecision in gene expression experiments.
Our experiments have shown that variation in signals from low-expressed genes was affected more by the relative amount of dsDNA in the sample. It is common for the variance to increase with the mean-for any sort of real data-for reasons unrelated to sample preparation. Other technical explanations include low signal-to-noise ratios of probes or the complexity of the cDNA synthesis reaction, in which thousands of different products are synthesized simultaneously. Another explanation is that mRNAs of (reportedly) lowexpressed genes could be difficult templates for cDNA synthesis. These factors might be especially sensitive to the efficiency of cDNA synthesis.
Our results show the importance of monitoring the quality and efficiency of double-stranded cDNA synthesis. No good methods to measure the efficiency of cDNA synthesis (i.e., the relative amount and length distribution of dsDNA) have been available. That has now changed with the availability of 2D-SDE, which is a straightforward and robust technique that uses either minigel or microgel platforms. Optimization and monitoring of cDNA sample preparation could in general improve the imprecision of microarray expression experiments based on IVT. It remains to be seen whether variation similar to that we have reported applies to other forms of cDNA synthesis, e.g., the use of random primers or doing only first strand synthesis before microarray labeling and hybridization. 2D-SDE should also provide useful information on reaction efficiency and sample composition in these settings. 
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